1. Introduction {#s0005}
===============

Metformin is one of the first-line and most widely prescribed drugs to treat type 2 diabetes (T2D) [@b0005], [@b0010], [@b0015]. It is an organic cation and belongs to the biguanide family [@b0020], [@b0025]. It lowers both basal and postprandial plasma glucose levels by inhibiting the production of hepatic glucose, reducing intestinal glucose absorption, and improving glucose uptake and utilization in the peripheral tissues particularly in muscle [@b0005], [@b0020]. Although it is in use since 1957, the direct molecular target of metformin remains unknown [@b0030].

Metformin circulates unbound in the plasma and is not metabolized by the enzymes in liver [@b0005]. Its clearance from circulation is mostly facilitated by SLC22A2 (OCT2) in the renal cells [@b0030], [@b0035], [@b0040]. SLC22A2 is a member of the solute carrier (SLC) super-family of proteins which comprises over 300 members in human [@b0045], [@b0050]. The human SLC22A2 gene is localized on chromosome 6 and consists of 11 exons [@b0055]. It is primarily expressed in the kidney with some level of expression in the brain, placenta, lungs, spleen, small intestine and skin [@b0055], [@b0060], [@b0065], [@b0070]. In the kidney, SLC22A2 protein is localized in the basolateral membrane of proximal tubular cells [@b0075]. SLC22A2 is a polyspecific transporter and mediate passive facilitated bi-directional transport of structurally unrelated small organic cations down their electrochemical gradients [@b0055], [@b0060], [@b0075]. It transports both endogenous and exogenous compounds including many drugs which have at least one positively charged moiety at physiological pH [@b0015], [@b0055], [@b0060], [@b0065], [@b0080], [@b0085]. Considering the fact that 40% or more of the prescribed drugs are positively charged and belong to the group of organic cations, it is obvious that the function of this transporter in the kidney has important pharmacological implications [@b0075], [@b0090].

Considerable inter-individual variability in clinical efficacy exists in the treatment of T2D patients with metformin [@b0005], [@b0030], [@b0095], [@b0100]. rs316019 (c.808 G \> T) is the most common variant of SLC22A2 and it significantly influences the pharmacokinetics of orally administered metformin [@b0030], [@b0105]. According to the sequence data in the 1000 genomes browser, the 270S variant of SLC22A2 is present with a frequency as high as 15% or more in at least ten different populations [@b0110]. The c.808G \> T polymorphism in the SLC22A2 results in a protein (p.270A \> S), which clears metformin from circulation much slower than the 270A form [@b0030], [@b0095], [@b0105]. If accumulated, metformin and other drugs of the biguanide class increase plasma lactate level in a concentration-dependent manner by inhibiting mitochondrial respiration [@b0005], [@b0115]. The 270A \> S change in SLC22A2 can lead to hyperlactacidemia in patients undergoing metformin therapy, particularly in the females carrying the TT genotype [@b0095]. In metformin-associated lactic acidosis (MALA) arterial pH and blood lactate concentration may vary from ≤7.34 to 6.4 and from \>5 mmol/L to 35.5 mmol/L, respectively [@b0120]. MALA is a potentially life-threatening complication with a mortality rate of 30--50% [@b0125]. Although prevalence of MALA has been reported to be approximately 1--10 cases per 100,000 patients [@b0130], the actual number is speculated to be several times higher [@b0135]. The incidence of MALA is caused within the clinical doses of metformin [@b0115], [@b0130]. Pre-existing clinical conditions, such as renal impairment, sepsis, anoxia, etc may make individuals under metformin regimen more prone to MALA [@b0005], [@b0010], [@b0105], [@b0140]. Therefore, dose adjustments based on the SLC22A2 rs316019 variant may be beneficial to maximize the efficacy and minimize the toxicity of metformin [@b0030], [@b0100].

In this study, we used computational approaches to investigate the effect of p.270A \> S change in SLC22A2 on interaction with metformin and other drugs.

2. Materials and methods {#s0010}
========================

2.1. Sequence retrieval and protein secondary structure prediction {#s0015}
------------------------------------------------------------------

SLC22A2 protein and rs316019 SNP sequence information were retrieved from the database resources of the National Center for Biotechnology Information [@b0145]. Secondary structure of the SLC22A2 rs316019 protein variants were predicted using PSIPRED [@b0150], PredictProtein [@b0155] and RaptorX Structure Prediction [@b0160] tools. Transmembrane segments of SLC22A2 variants were predicted using TMHMM [@b0165] and SPOCTOPUS [@b0170]. Sequences were aligned using BLAST [@b0175] and MUSCLE [@b0180] and analyzed with Jalview [@b0185].

2.2. Protein tertiary structure prediction and analysis {#s0020}
-------------------------------------------------------

Since no 3D-structural data were available in literature and databases, conformation of SLC22A2 rs316019 protein variants were predicted using I-TASSER [@b0190] and RaptorX Structure Prediction [@b0160] tools. Zeus PDB Viewer was used to derive the Ramachandran plots of the protein variants. Protein structures were analyzed using CCP4mg [@b0195]. 3D structures of SLC22A2 rs316019 protein variants were aligned using RaptorX Structure Alignment tool [@b0160].

2.3. Protein-drug interaction prediction {#s0025}
----------------------------------------

Drug structures were retrieved from either Pubchem [@b0200] or Drugbank [@b0205]. Drug bound models of SLC22A2 rs316019 protein variants were predicted using BSP-SLIM [@b0210] and analyzed with LigPlot+ [@b0215] and CCP4mg [@b0195]. BSP-SLIM uses a blind docking method and tries to fit small molecules into the structure of proteins and evaluate their binding affinity using a scoring system [@b0210]. Drug (ligand) binding sites were searched within the entire protein structure.

2.4. Oligomeric structure prediction {#ce.section_mj4_1sf_pcb}
------------------------------------

GalaxyHomomer [@b0240] was used to predict whether the SLC22A2 protein oligomerizes. Protein homo-oligomer structures were predicted without using template information (*ab initio*) and providing only the monomer structure as input rather than a sequence. The oligomeric state was determined by the tool itself. Predicted oligomeric structures were analyzed using CCP4mg [@b0195].

3. Results and discussion {#s0030}
=========================

rs316019 results in single amino acid change in SLC22A2, but it does not affect the local secondary structure ([Fig. 1](#f0005){ref-type="fig"}). rs316019, however, affects the global tertiary structure of SLC22A2 protein ([Fig. 2](#f0010){ref-type="fig"}). As shown in [Fig. 2](#f0010){ref-type="fig"}, position of Leu488 changes relative to Pro54 and Ala/Ser270 in the protein variants. Ramachandran plots also suggest a global change in conformation due to a single amino acid change (A \> S) at position 270.Fig. 1Secondary structure of SLC22A2 rs316019 variants. A. rs316019 at the genomic DNA level. B. Pair-wise protein sequence alignment of rs316019 variants. C and D. Secondary sequence prediction of rs316019 variants by PSIPRED and RaptorX Structure prediction tools. Secondary structures predicted with PredictProtein are not shown here.Fig. 2Tertiary structural models of SLC22A2 rs316019 protein variants. A, B and C. Models of SLC22A2 with Alanine at position 270. D, E and F. Models of SLC22A2 with Serine at position 270. A single amino acid alteration at position 270 causes a global conformational change in SLC22A2. As an example, distances of Leu 488 from Pro 54 and Ala/Ser 270 are shown in figure C and F. Red lines represent the distance between selected amino acid residues in Angstrom (Å). Solid arrows (matched colour) denote reference points to compare structures. G and H. Ramachandran plots of SLC22A2 rs316019 protein variants.

Analysis of BSP-SLIM generated 3D-model of metformin bound SLC22A2 270A variant demonstrates that Tyr245, Leu249, Ser358, Tyr362 and Tyr447 interact with the drug ([Fig. 3](#f0015){ref-type="fig"}). A different set of residues interact with metformin in SLC22A2 variant with serine at position 270 ([Fig. 3](#f0015){ref-type="fig"}). 270A variant of SLC22A2 has more open and wider space for metformin binding compared to the 270S variant. [Table 1](#t0005){ref-type="table"} shows the predicted docking scores of metformin with SLC22A2 variants. While 270A variant has a docking score of 5.18 for metformin, no score could be calculated by BSP-SLIM for the 270S variant. Similar interaction takes place between the rs316019 protein variants and creatinine ([Fig. 4](#f0020){ref-type="fig"}). Creatinine is a known substrate of SLC22A2 [@b0220]. While the SLC22A2 270A variant has a docking score of 3.911 for creatinine, the score is 0.619 for the 270S variant ([Table 1](#t0005){ref-type="table"}).Fig. 3Metformin binding site in SLC22A2 protein. A, B and C. Metformin binding site in SLC22A2 270A variant. E, F and G. Metformin binding site in SLC22A2 270S variant. Solid arrows (matched colour) denote reference points to compare structures. Colour of amino acids is based on residue type. D. Structural alignment of SLC22A2 rs316019 protein variants with binding site amino acid residues shown as spheres. Green and purple indicate amino acids of SLC22A2 variants with 270A and 270S, respectively. In C and G, red and green dotted lines denote hydrophobic interactions and hydrogen bonds, respectively.Table 1Interacting amino acid residues at the substrate/inhibitor binding site of SLC22A2.SLC22A2 variantSubstrate/inhibitorPhe 33Tyr 37Phe 160Lys 215Trp 218Tyr 241Gln 242Tyr 245Leu 249Tyr 353Asn 354Trp 355Ser 358Ser 359Tyr 362Glu 387Ile 443Ala 446Tyr 447Glu 448Val 450Cys 451Cys 474Asp 475Gly 478Pro 482Docking score270AMetformin+++++5.18270AAgmatine+++++++++3.818270AIfosfamide++++++++5.79270AParaquat+++++++++4.007270ATrimethoprim+++++++++++7.581270ACimetidine+++++++++5.733270ACreatinine+++3.911270ARanitidine+++++++++++++5.591270SMetformin+++++nan[\*](#tblfn1){ref-type="table-fn"}270SCimetidine++++++++++4.385270SCreatinine+++++0.619270SRanitidine++++++++4.588[^1]Fig. 4Interacting residues at the substrate binding site of SLC22A2 protein. A--J and A′--J′. Interacting amino acid residues with different compounds at the binding sites of SLC22A2 270A and 270S variants. All models were generated using BSP-SLIM. A--J and A′--J′ were analyzed with CCP4mg and LigPlot+, respectively. All scale bars are shown as 10 Å. In A′--J′, red and green dotted lines denote hydrophobic interactions and hydrogen bonds, respectively.

BSP-SLIM calculated docking score is based on structural complementarities and chemical feature similarities between the ligand and the binding pocket [@b0210]. The ligand bound protein model with the highest docking score is the best fit model. BSP-SLIM generates reliable docking results using low-resolution predicted protein structural models [@b0210]. Since the ligand poses are determined by global topology similarity of protein structures and low-resolution docking method, the performance of BSP-SLIM is much less sensitive to the local structural errors in the predicted model structure and its ability to predict binding site outperforms geometry-based method for both experimentally solved and theoretically predicted protein structures [@b0210]. BSP-SLIM even demonstrated remarkable performance with docking on low-resolution structures over the widely-used blind docking tool, AutoDock [@b0210].

In this study, ligand bound structural models of SLC22A2 were generated with other known substrates and inhibitors including agmatine, cimetidine, ifosfamide, paraquat, ranitidine and trimethoprim [@b0055], [@b0070], [@b0080], [@b0225] ([Fig. 4](#f0020){ref-type="fig"}). Amino acid residues that interact with these compounds are listed in [Table 1](#t0005){ref-type="table"}. Based on these models Ser358 appears to be the most important residue at the binding site of 270A form of SLC22A2 followed by Tyr245, Tyr447 and Trp218 ([Table 1](#t0005){ref-type="table"}). Larger compounds interact with more residues at the same binding pocket.

SLC22A2 protein sequences from different species were aligned ([Fig. 5](#f0025){ref-type="fig"}). All binding site residues shown in [Table 1](#t0005){ref-type="table"}, except Tyr 245, are highly conserved among different species. SLC22A2 has 12 α-helical transmembrane domains (TMDs) [@b0055]. The interacting residues at the ligand binding site of SLC22A2 come from multiple TMDs ([Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"} and [Table 1](#t0005){ref-type="table"}). Similar observation was reported for the SLC22A1 homolog in rat [@b0055]. Amino acid residue at position 270 is distantly localized from the binding pocket residues ([Fig. 3](#f0015){ref-type="fig"}). Change in amino acid residues distantly localized from the protein-protein interfaces and outside of ligand-binding pockets can change protein conformation and affect functionality [@b0230].Fig. 5Conservation of predicted binding site residues. SLC22A2 protein sequences from different species were aligned using the multiple sequence alignment tool MUSCLE and analyzed with Jalview. Scale above the sequences represents the actual amino acid position in human SLC22A2 protein. All binding site residues (red arrow), except Tyr 245, are highly conserved among the species.

Trimethoprim has been shown to significantly reduce systemic clearance of metformin and creatinine and increase plasma lactate concentration [@b0225]. Trimethoprim bound SLC22A2 has the largest docking score among the compounds analyzed in this study ([Table 1](#t0005){ref-type="table"}). A larger docking score suggest that trimethoprim fits better to the binding pocket and, therefore, should preferentially bind to the ligand binding site of SLC22A2 in presence of metformin and creatinine.

Cimetidine and ranitidine are also known inhibitors of SLC22A2 [@b0035], [@b0070], [@b0235]. Compared to trimethoprim, lower or absent effects on metformin clearance from circulation was observed in healthy Asian volunteers treated with cimetidine [@b0225]. Our analyses show that cimetidine and ranitidine bound SLC22A2 has larger docking scores than metformin, but much lower than trimethoprim ([Table 1](#t0005){ref-type="table"}). This may explain the weaker inhibition of metformin clearance by cimetidine. Ranitidine is sold as an over-the-counter drug. It is an *in silico* prediction that the T2D patients, who are under metformin regimen, should be cautious in taking ranitidine on a regular basis as it may lead to metformin accumulation in blood and subsequently increase lactate concentration. However, this hypothesis needs to be tested *in vivo*.

It was suggested that SLC22A2 has a size dependent 'selectivity filter' and cannot transport compounds larger than 4°A for sterical hindrances [@b0055], [@b0080]. Attachment to the substrate binding site, however, is also possible for large molecules [@b0080]. Stronger binding of such large molecules along with size dependent selectivity may occlude transport through SLC22A2. This may explain why large compounds like trimethoprim, cimetidine and ranitidine with a larger docking score inhibit metformin transport through SLC22A2 in a competitive fashion.

Individuals, who are heterozygous for the SLC22A2 rs316019 genotype (808GT), show slower metformin clearance rate compared to those with the 808GG genotype [@b0105]. This raises a possibility among others that SLC22A2 forms oligomer. An earlier study also suggested that SLC22A2 forms oligomers [@b0075]. Homo-oligomerization of proteins is quite common in nature and is often a prerequisite to physiological functions of proteins [@b0240]. Members of SLC family are known to form homodimer or homotetramer [@b0075], [@b0245]. In this study, we computationally predicted the homo-oligomeric structural model of SLC22A2. The monomeric structure rather than the sequence of SLC22A2 was used as input in GalaxyHomomer to predict the oligomeric state. Although the structure based predictions are more restrictive, oligomer structures predicted by template-based methods may have errors due to sequence differences between the target and template proteins [@b0240].

The predicted SLC22A2 oligomeric models include both dimer and trimers ([Fig. 6](#f0030){ref-type="fig"}). Since the protein-protein interface strength is proportional to the interface area [@b0250], we selected the dimer and trimer models of SLC22A2 with the largest interacting interface for further analysis. Based on fluorescence resonance energy transfer (FRET) experiment, it was suggested that in the quaternary conformation the N and C termini of the SLC22A2 oligomers are in close proximity [@b0075]. Energy transfer in FRET occurs only if the distance is \<50 Å [@b0075]. Only in the dimeric model, the N and C termini of the oligomer are closer than 50 Å ([Fig. 6](#f0030){ref-type="fig"}). In this model, the adjacent N and C termini come from different monomeric subunits. Interacting residues at the interface of this dimeric model are localized at position 405--423 and 504--513. As shown in [Fig. 6](#f0030){ref-type="fig"}, these amino acid residues appear to make an intertwined structure. Most homodimeric proteins have symmetric structure [@b0255]. The predicted dimeric model of SLC22A2 appears symmetric as well.Fig. 6Oligomeic models of SLC22A2. GalaxyHomomer predicted two types of homo-oligomers (3-mer and 2-mer) of SLC22A2. Only models with maximum interacting surfaces are shown here. A. In the trimer model, transmembrane (TM) helices with residues from 429-451 and 491--513 interact at the interface (shown as spheres). B. In the dimer model, transmembrane (TM) helices with residues from 405-423 and 504--513 interact at the interface (shown as spheres). Red lines show the distance between selected amino acid residues in Angstrom (Å). C and D show the dimeric model with residues from 405-423 and 504--513 (shown as spheres), respectively.

4. Conclusion {#s0035}
=============

Molecular docking is one of the most commonly used computational approaches to study protein-drug interactions. It is based on the theoretical prediction of the binding mode as well as the binding affinity of small molecules for given target proteins. In this study, we used computational approaches to investigate the effect of 270A \> S change in SLC22A2 with interaction with Metformin. Our analyses suggest that all substrates and inhibitors bind to the same pocket and these molecules fit better to the binding site of SLC22A2 with alanine at position 270 than serine. The binding site has a few core interacting residues, among which serine 358 is the most important. But the number and position of the interacting residues is also dependent on the size and structure of the compound. This may be true for other polyspecific transporters as well. Based on the docking scores, it is a suggestion that the T2D patients, who are under metformin regimen, should be cautious in taking ranitidine (an over-the-counter drug) on a regular basis as it may lead to metformin accumulation in blood and subsequently increase lactate concentration.

Peer review under responsibility of National Research Center, Egypt.

[^1]: nan = not-a-number.
